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A B S T R A C T
The long-term behaviour of lithium ion batteries in high-performance (HP) electric vehicle (EV) applications is
not well understood due to a lack of suitable testing cycles and experimental data. As such a generic HP duty
cycle (HP-C), representing driving on a race track is validated, and six NMC graphite cells are characterised with
respect to cycle-life. To enable a comparison between the HP-EV environment and conventional road driving,
two test groups of cells are subject to an experimental evaluation over 200 duty cycles that includes a re-
presentative HP-C and a standard duty cycle from the IEC 62660-1 standard (IECC). After testing, both test
groups display increased energy capacity, increased pure Ohmic resistance, lower charge transfer resistance an
extended OCV operating window. The changes are more pronounced for cells subject to the HP-C. Based on
capacity tests, Electrochemical Impedance Spectroscopy (EIS), pseudo-OCV tests, and Pulse Multisine
Characterisation, it is concluded that the changes in cell characteristics are most likely caused by cracking of the
electrode material caused by high electrical current pulses. With continued cycling, cells cycled with the HP-C
are expected to show degradation at an increased rate due to raised temperatures, and more pronounced
electrode cracking.
1. Introduction
In recent years, the development and improvement of lithium ion
batteries (LIBs) has underpinned the electriﬁcation of the transport
sector with new markets, such as the strategically important high-per-
formance (HP) vehicle segment, becoming a target sector for many new
start-up organisations and more established original equipment manu-
facturers (OEMs) [1]. Currently, automotive OEMs are developing in-
novative electric vehicles (EVs) for this segment, with examples in-
cluding the Jaguar I-PACE and Aston Martin Rapid-E, both set to launch
in 2018 [2], in addition to more established vehicles such as the Tesla
Model S. Challenges for the success of these vehicles are often reported
to be key battery characteristics such as: Cycle life, energy capacity,
power capability, degradation, safety, reliability, and cost. Notwith-
standing the system integration requirements, such as packaging and
thermal management that are required to realise a complete battery
system [3].
Extensive research has been undertaken regarding the operation
and degradation of lithium ion battery cells intended for automotive
use [4,5]. One limitation of this research is that often, several studies
use relatively simplistic constant current charge and discharge tests,
often at diﬀerent current rates and environmental temperatures as a
means to estimate cycle life over a broad spectrum of operating con-
ditions [5–7]. These tests are known to be largely unrepresentative of
the day to day battery operation within an EV. Research published by
Barre et al. [8] has indicated that complex electrical loading proﬁles
result in diﬀerent ageing characteristics than conventional galvano-
static proﬁles.
As such, more complex testing proﬁles are required to more accu-
rately predict the behaviour and cycle ageing progression of cells in HP
automotive use cases. A study by Barre et al. [9] investigated battery
data, which was collected from a passenger EV following a pre-
determined driving cycle, to determine the causality between vehicle
use and battery ageing. This study identiﬁed that capacity fade is
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primarily related to temperature and time, and impedance rise is pri-
marily related to the current proﬁle and the maximum current deliv-
ered by the battery. Omar et al. [10] used the cycle life tests deﬁned
within the International Standard IEC 62660-1 [11] and ISO 12405-2
[12] to determine the cycle life of a cell intended for passenger vehicle
use. Further, Dubarry et al. utilised a dynamic stress test, described
within [13], in a cycle life evaluation to determine the rate of change
and nature of battery degradation within a passenger vehicles [14,15],
providing further evidence that battery degradation is a function of
usage proﬁles.
The authors assert that the nature of high-performance electric ve-
hicle (HP-EV) use cases when compared to driving on public roads is
fundamentally diﬀerent. Previously established testing procedures for
cell and battery systems are insuﬃcient to evaluate the suitability of LIB
cells (in terms of: cycle life, thermal behaviour, and progression of
degradation) for use in evaluation battery technology for HP-EVs
[16].The authors’ previous work [17] demonstrated signiﬁcant diﬀer-
ences between the “Dynamic discharge proﬁle A for BEV cycle test” as
described in the IEC 62660-1 standard, and a newly developed duty-
cycle representing HP scenarios. Whilst the IEC standard serves to re-
present a cell proﬁle for BEVs operating on the road, the high-perfor-
mance duty cycle (HP-C), in contrast, is representative of an HP-EV
driving on a race circuit and was derived from a database of race circuit
driving simulations. The validity of the HP-C was assessed against one
representative example - the Bahrain International Circuit. This as-
sessment was undertaken using comparative measures based on the
duty-cycle design criteria and a thermal simulation.
The derived HP-C has facilitated further engineering activities that
are key to successful battery system design and integration. Recently,
the authors investigated the diﬀerences in thermal behaviour of large
format pouch cells subject to the HP-C and IEC standard [18]. The re-
sults show that HP scenarios result in higher temperatures and tem-
perature gradients across the cell surface, suggesting increased de-
gradation and localised ageing over prolonged use. Worwood et al. [19]
demonstrated that due to the aggressiveness of the HP-C, more involved
and unconventional cooling strategies are required for the battery
thermal management system (BTMS) to ensure the cells remain within
acceptable thermal limits (operating temperature between circa
15–35℃ [20] and maximum temperature gradient of 5℃ [21]). Spe-
ciﬁcally, for cylindrical cells [19], internal cooling with an inserted
heat pipe system and/or double tab cooling strategies were required to
limit the maximum cell temperature gradient to 5℃, where conven-
tional radial surface cooling gave rise to temperature gradients ex-
ceeding 15℃. Other experimental studies for pouch cells [22] have also
demonstrated the need for more advanced cooling materials to avoid
the evolution of thermal gradients exceeding 10℃ when exposed to the
HP-C. Hosseinzadeh et al. [23] developed a 1D electrochemical-thermal
model to simulate the heat generation a 53 Ah pouch cell at various
ambient temperatures. In their study a cell was subject to the HP-C, and
a proﬁle derived from the WLTP (Worldwide Harmonised Light Vehicle
Test Procedure) Class 3 to validate the model and predict the increase in
cell temperature arising from these vastly diﬀerent automotive use
cases.
Despite these recent publications assessing battery thermal beha-
viour when a cell is electrically loaded with a cycle derived from a HP
test case, experimental data regarding continuous operation under HP
has not been reported within the literature. To better understand and
quantify the longer-term impact of such HP-Cs, the next step is to un-
dertake a prolonged experimental study to characterise cell perfor-
mance and expected life for the HP-EV market.
The research presented within this study extends that published in
[17] and provides two key contributions to the body of literature within
this ﬁeld. Primarily, an ageing and characterisation study is conducted
to investigate the possible eﬀects and consequences of continuous HP
cycling on the electrical characteristics of a 53 Ah pouch cell of G-NMC
chemistry (Graphite - Lithium-Nickel-Manganese-Cobalt-Oxide). Within
the experimental study, two test groups of cells are subject to con-
tinuous cycling using the HP-C and IEC standard proﬁles to identify the
rate and nature of changes in cell behaviour, identiﬁed through regular
characterisation of the cells during electrical cycling. Prior to this, the
validity of the HP-C is reﬁned through an experimental assessment,
speciﬁcally with regard to the instantaneous electrical behaviour and
heat generation of a large format pouch cell.
The paper is structured as follows. Section 2 describes the cell se-
lection process, experimental set-up, HP duty-cycle deﬁnitions, and
testing methodology. A detailed description of the characterisation tests
used to quantify cell parameters is provided. Section 3 presents and
discusses the results from the initial cell characterisation, duty cycle
validation, and short-term duty-cycle degradation study. Section 3.4
further discusses the results of the cycling study and implications for
battery system design for HP vehicle applications, and future testing
requirements. Further work and conclusions are presented in Section 4
and 5, respectively.
2. Experimental assessment of cell performance and ageing
Experimental work was undertaken to initially reﬁne the validity of
the HP-C developed in [17], and subsequently to characterise large
format XALT Energy® 53 Ah NMC pouch cells with regards to its
thermal performance and cycle-life. In this section, cell selection, ex-
perimental rig design and assembly, cycle choice and methodology is
discussed.
2.1. Cell selection
The cells selected are large format pouch cells with G-NMC chem-
istry at a rated C/2 capacity of 53 Ah (196Wh); key cell parameters are
listed in Table 1. The cell format features a larger surface area-to-vo-
lume ratio compared to cylindrical cells and as such, the cell is de-
scribed by the manufacturer as having better heat dissipation. Ac-
cording to the manufacturer, the cells target high energy applications
such as energy storage for HEVs and EVs, grid storage, marine vessels,
and locomotives. The combination of high power capability, low in-
ternal resistance and higher heat dissipation capability compared to
cylindrical cells makes this cell a suitable candidate for HP-EV appli-
cations.
2.2. Experimental rig
An experimental rig was designed to facilitate this research. Due to
the intensity of the employed testing proﬁles, an active cooling system
was required to keep cells within their thermal safety window. As such
the requirement for the experimental rig was to provide a suitable
housing for a cooling system, and to facilitate a means of connecting
individual cells to a battery cycler.
The experimental rig was modelled using the commercially avail-
able software Solidworks. A computer drawing of the test rig is
Table 1
Cell characteristics.
Performance Characteristics Typical Value (2016)
Capacity at C/2 53 Ah
Nominal Voltage 3.7 V
Discharge Energy (C/2) 196 Wh
Weight 1.15 kg
DC Resistance (10 s @ 50% SOC) 1.33mΩ
Peak Discharge C-Rate (10 s @ 50% SOC) 8.0 C
Upper Voltage Limit 4.2 V
Lower Voltage Limit 2.7 V
Charge Tempertaure Range 0 °C ∼ 45 °C
Discharge Temperature Range −20 °C ∼ 60 °C
Cell Dimensions (LxWxT) 225×225×11.8 mm
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provided in Fig. 1a, a picture of the completed assembly is shown in
Fig. 1b, the dimensions of components are tabulated in Table 2 for
reference. A description of its design features, as well as an outline of
the assembly process is provided below.
The test rig comprises two Perspex casings, housing a total of 6 cells
and an external cooling system.
In each casing, three pouch cells are suspended by their tabs,
clamped between two brass blocks which serve as the connection
terminal for the battery cycler. The cooling circuit consist of an alu-
minium cooling plate with internal ducts and a Lauda Thermostat, with
the former being located in one of the Perspex casings. The front and
back face of each cell are in contact with a pair of L-shaped copper
cooling ﬁns. The short edge of each ﬁn is bent at 90° with a radius of
1mm to form a 25mm×210mm patch as shown in Fig. 1c. These
patches are in contact with the aluminium cooling plate, thus providing
a means of heat extraction from the testing assembly by means of single
edge ﬁn cooling. Space between cooling ﬁn faces of adjacent cells is
ﬁlled with slabs of polystyrene and FOAMGLAS®, resulting in a densely
packed layered structure, thereby ensuring good thermal contact be-
tween the cooling ﬁns and cell surface, as shown in Fig. 1d. The FOA-
MGLAS® slabs are incompressible and enable even pressure to be ap-
plied along the length of the cooling ﬁn edge onto the cold plate via
Fig. 1. Test rig design process illustration; a) Test rig CAD model b) Top view of the assembled experimental rig; c) Front view of half rig with bent cooling plates; d)
FOAMGLAS® and polystyrene packing of gaps between cells; e) Positions of thermocouples; f) Instrumented cooling ﬁns.
Table 2
Test rig components dimensions.
Component Height
(mm)
Length (mm) Thickness (mm)
Aluminium cooling plate 210 250 30
Copper cooling ﬁn (ﬁn-cell
body)
220 235 0.52
Copper cooling ﬁn (ﬁn-plate
contact patch)
220 25 0.52
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hand tightened ratchet straps. Each pair of cooling ﬁns is instrumented
with 10 T-type thermocouples connected to a “HIOKI® 8423 HiLogger”.
Of the thermocouples, 9 are placed on the ﬁn contacting the front face
of a cell, and 1 on the ﬁn contacting the back. This serves to investigate
the development of cell temperature and thermal gradients during cell
cycling. Fig. 1e shows a schematic of the thermocouple locations for the
front facing ﬁn, with a pair of instrumented ﬁns photographed in
Fig. 1f. Given the good contact between the cooling ﬁns and the cell
surface, the thermocouple measurements are used as pseudo-cell sur-
face measurements [22]. Each cell is individually connected to cell
cycling channels, which can provide a maximum current of 400 A per
cell. A data acquisition system with a sample frequency of 10 Hz is
employed for measuring cell voltage and current.
2.3. Cycle selection
The full derivation of the HP-C is outside the scope of this work and
is discussed, in detail, within [17]. However, a brief description is given
below.
A database of HP duty-cycles was created by means of simulations
using the commercially available software suite “IPG CarMaker”.
Twelve internationally recognised race circuits of various length, lo-
cation, and race class were modelled based on satellite imagery. A
battery electric sports vehicle was modelled based on the mechanical
attributes of the Audi R8 demonstration vehicle that is made available
within the software. Key subsystems such as suspension, hydraulic
brakes and steering remained unchanged.
However, the conventional powertrain model (e.g. the internal
combustion engine and transmission) was replaced with a new model of
the electrical machines and battery system. Key subsystem parameters,
such as power and torque ratings, and subsystem eﬃciencies are fully
deﬁned within [17]. The vehicle’s performance characteristics are de-
tailed in Table 3 and are comparable to those of a conventionally
powered vehicle in the same market segment. Finally, a closed-loop
driver model was parameterised in terms of aggressiveness with respect
to longitudinal and lateral vehicle dynamics to optimise lap times over
each circuit. The battery power demand for a lap on each circuit was
recorded and normalised with respect to the vehicle’s peak power
capability.
Each resulting dimensionless proﬁle was subsequently analysed in
terms of its amplitude spectrum and cumulative distribution function. A
mathematical function approximating the mean of the amplitude
spectra was determined, as well as a function approximating the mean
of all collected cumulative distribution functions. Using these functions,
and utilising the frequency-time domain swapping algorithm described
in [24], a generic duty cycle was derived which is representative of the
database in both, the time and frequency domain.
The cycle used for veriﬁcation of the HP-C is the Bahrain cycle. It
was generated as part of the work presented within [17], and simulates
an electric vehicle driving on the Bahrain international race circuit. It
represents a HP use case which was not initially included in the data-
base for the HP-C derivation. It is therefore used as a benchmark against
which the IEC standard cycle (IECC) and HP-C are compared.
2.4. Test methodology
2.4.1. Cell characterisation
A full characterisation of the cells’ attributes prior to testing is re-
quired to ensure a small spread of variation between individual speci-
mens. The characterisation process employed within this research is
deﬁned in Table 4 and discussed below. A full characterisation refers to
the entire table, a partial characterisation refers to those tests marked in
bold. Implementation of either a full or partial characterisation test is
discussed below.
• The discharge energy capacity test, commonly used in cycle aging
studies [25,26], determines the amount of electrical energy that can
be stored in the cell under deﬁned environmental and loading
conditions. A cell is charged using a constant current-constant vol-
tage (CC-CV) procedure at 26.5 A (0.5C) until a cell reaches a
maximum potential of 4.2 V, then kept at 4.2 V, until the charging
current drops to 2 A (< 0.04C). Subsequently the cell is left at open
potential to equilibrate for 1 h before being discharged with a cur-
rent of 53 A (1C) until the cut-oﬀ potential of 2.7 V is reached. The
discharge capacity is deﬁned as the energy extracted during the
discharge.
• The pseudo-Open Circuit Voltage (p-OCV) test should be conducted
at charging or discharging rates of 0.1C or lower [27] and is con-
ducted after the completed discharge test. The cells are left to rest
for 1 h, subsequently charged with a current of 2.65 A (0.1C) up to
the cells’ upper potential limit of 4.2 V, and held there until the
charging current drops below 2 A. By regularly carrying out this test
during the life of the cell, it allows for the identiﬁcation and
quantiﬁcation of changes in the electrochemical thermodynamic
properties of the cell as discussed within [28].
• The Pulse Multisine Characterisation (PMC) test, ﬁrst introduced by
Widanage et al. [29], is a characterisation test based on a similar
principle as the “Hybrid Pulse Power Characterisation” (HPPC) test.
The charge sustaining proﬁle of the PMC is created by a super-
position of a sequence of pulses with a multisine. The resulting
proﬁle approximates the amplitude spectrum of a duty-cycle derived
from a real-world driving cycle, and as such is reported to be more
representative of the dynamics a cell is exposed to during operation
[30]. Similarly, to the HPPC, the voltage response of a cell to this
dynamic proﬁle could be used to parameterize an ECM for a number
of SOCs. By tracking the changes within these parameters
throughout the cycle life of a cell, information may be inferred re-
garding the rate of impedance rise and therefore cell ageing. The
PMC test was employed at 5 diﬀerent SOCs as indicated in Table 4.
• Electrochemical Impedance Spectroscopy (EIS) is a non-destructive
test that enables the parameterisation of battery ECMs, the in-
dividual elements of which may be correlated to electrochemical
processes within the cell [31]. The test is carried out by applying an
AC sinusoidal current of amplitude 2000mA to the cell in a fre-
quency range from 10mHz to 10 kHz, and recording the cell re-
sponse, from which the cell impedance may be calculated. The use
of EIS testing is required as the PMC test is only capable of de-
termining the cell response to inputs at low frequencies (< 10Hz).
From Table 4, the EIS test was carried out at diﬀerent SOCs, and a
rest period of at least 4 h, as is recommended by Barai et al. [31],
was employed to allow the dynamics of the cell to stabilise before
measurements were made. The tests were carried out on a “Solartron
EnergyLab XM” and results analysed using “Scribner® ZView2”.
2.4.2. HP-C validation
Building upon the work presented in [17], in which the HP-C was
validated based on proﬁle characteristics and thermal simulations, this
test serves to provide further experimental data for validation of the
methodology. Emphasis is placed on energy throughput and cell tem-
perature data, as those are often identiﬁed as key contributors to cell
Table 3
HP-EV performance parameters.
Parameter Value
Vehicle Body Rigid body
Vehicle mass 1564 kg
Combined motor power 300 kW
Combined motor torque 850 Nm
0–100 km h−1 3.8 s
0–200 km h−1 12.4 s
Top Speed 300 km h−1
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degradation [32] and are known to greatly inﬂuence cell performance.
Six cells were tested using three diﬀerent duty cycles, as shown in
Fig. 2: The HP-C as described above, the IECC, taken from [11] and a
duty-cycle simulating the power demand of an HP-EV driving on the
Bahrain International circuit (Bahrain), which was also used for simu-
lation based validation of the HP-C within [17]. Peak power per cell
was deﬁned as 1400W. Negative values of power represent cell dis-
charging, whereas positive values represent charging.
Cells were charged using a CC-CV protocol, followed by a rest
period of 1 h. They were then discharged to 95% SOC at 0.5C, followed
by another 1 h rest period. Subsequently the cells were subjected to
repetitions of a duty cycle, until they either reached a SOC of 10%,
resulting in a 45.05 Ah charge depletion, or the peak cell surface tem-
perature reached the thermal safety limit of 65 °C (deﬁned by the
manufacturer). Charging currents during testing were limited to 106 A
per cell (deﬁned by the manufacturer), and discharging currents were
limited to 400 A as per test-equipment limitation.
2.4.3. Duty-cycle degradation study
To assess the longer-term eﬀects of HP-cycling on LIBs, two sets of
three cells each were tested simultaneously. Cells No. 1-3 were cycled
using the HP-C, whereas cells No. 4-6 were cycled using the IECC, the
sets are thus referred to as the HP-C Group and IECC Group, respec-
tively. Following full characterisation (deﬁned in Table 4), cells un-
derwent 200 cycles with regular partial characterisations in between. A
cycle within this context refers to a single completion of the protocol
used for the HP-C validation described above, followed by a 2 h rest
period for cells to cool. Partial characterisation tests were employed to
detect whether any eﬀect on the cells’ attributes could be observed.
Once each cell completed 200 cycles, a full characterisation test was
once again undertaken. The complete test schedule is summarised in
Table 5.
3. Results and discussion
3.1. Initial characterisation
The energy capacity of all six cells for a 1C discharging and 0.1C
charging rate is shown in Fig. 3. The mean discharging capacity is
52.01 Ah with a standard deviation of 0.29 Ah. For the charge capacity
test at 0.1C the mean charging capacity is 51.47 Ah with a standard
deviation of 0.38 Ah. The measurement spread between the cells for
charging and discharging capacity falls within 0.7% and 0.6%, re-
spectively. As currents of diﬀerent magnitude were used for the capa-
city tests, the measured capacity between charge and discharge varies.
The lower charging current of 0.1C results in lower polarisation and
thermal losses during charging, compared to the higher discharging
current of 1C. Although the Capacity is measured in Ah and is larger for
the higher discharging current, the total amount of energy transferred
into the cell (measured in Wh) is larger for the lower current, as illu-
strated within the tables included in the Fig. 3.
Table 4
Characterisation Tests. Tests in bold constitute partial characterisation tests during duty-cycle degradation study.
Assessment Test Description SOC C-Rate
Discharge energy capacity Standard test to determine the discharge capacity of every cell 100-0% 1C
Slow charge capacity/ p-
OCV Test
Slow charge/p-OCV test. Can be used for DQ/DV analysis 0-100% C/10
PMC Test A characterisation test to characterise an equivalent circuit model,
similarly to the HPPC test capturing nonlinear cell behaviour
10%, 20%, 50%,
80%, 95%
max 7.5C discharge (equipment limited),
max 2C charge (cell limited
EIS Test Used to investigate the behaviour of the cell. Response can be used to infer
degradation mechanisms
10%, 20%, 50%,
80%, 95%
Fig. 2. Selected duty cycles for testing left to right: HP duty-cycle, IEC, Bahrain duty-cycle.
Table 5
Test program for short term cycling study.
Number of cycles Total cycles Test
0 0 (start of test) Full characterisation
10 10 Partial characterisation
10 20
10 30
20 50
20 70
20 90
20 110
40 150
50 200 (end of test) Full characterisation
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Fig. 4a shows the Nyquist plot for initial EIS characterisation for cell
No 4. The imaginary part of the impedance is plotted on the y-axis, and
the real part of the impedance is plotted on the x-axis. Fig. 4b displays
the variation between cell attributes for 50% SOC, with other SOCs
showing a similar spread. The EIS response was ﬁtted to the ECM at the
bottom of the ﬁgure. The intersection of the inductive trail with the real
axis corresponds with the pure Ohmic resistance −R( EIS0 ), the local
minimum of the semicircle in the mid-frequency region, which is as-
sociated with the charge transfer resistance ( −Rct EIS) corresponds with
the values of +− −R REIS EIS1 2 .
Fig. 4(a–c) shows the ﬁtted ECM parameters for those cells under
the PMC for a single RC pair ECM. For the PMC, the voltage response is
measured 0.1 s after the electrical current input is applied, as the
maximum data sampling frequency of the equipment is 10 Hz. As such,
it is not possible to measure responses at higher frequencies and
therefore the use of a 2nd order ECM in this instance is not appropriate.
The data points represent the mean value for all six cells, and the error
bars the standard deviation from the mean. R0 is deﬁned as the re-
sistance associated with the initial voltage change if a current is applied
to a cell, and R1 is associated with the continual voltage response as
charge transfer and diﬀusion phenomena dominate the cell dynamics.
For the PMC tests, values for R0 are higher than those found for the
EIS tests by a factor of up to 2. This observation is attributed to the
maximum sampling frequency of the test equipment utilised [33]. This
corresponds to a real impedance of 1.3 m Ω in Fig. 4a. As such, these
values correspond better with the mid-frequency measurements from
the EIS test. The small spread of both, PMC and EIS values, respectively
shows that there is little variation between individual cells at the be-
ginning of testing.
3.2. HP cycle validation
Fig. 5 shows the duty cycle proﬁle, voltage response, and cell sur-
face temperature development for an 85% depth of discharge (DOD) on
cell No. 4 for the HP-C, IECC, and Bahrain duty-cycle from left to right,
respectively. This cell was chosen as all installed thermocouples oper-
ated without interruption throughout the duration of all tests, and as
such provides the most reliable thermal test data. Table 6 lists the mean
time taken for each duty cycle (∅ time), and the mean energy
throughput (∅ Wh) for the set of cells with the associated standard
deviation (σ) for each measure. Whilst the HP-C takes 1406 s to com-
plete with an absolute energy throughput of 230 Wh, the IECC requires
122% longer duration with a 13% lower energy throughput and the
Bahrain cycle is 42% shorter with only a 9% lower energy throughput.
It is clear that the IECC lacks the dynamic behaviour, which both the
HP-C and Bahrain cycle exert on the cells. As the HP-C is aimed to be
representative of a variety of HP duty cycles and the Bahrain cycle is
only a single example of the target use case, the diﬀerences between
Fig. 3. Capacity test results.
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these two cycles with regards to duration and energy requirements are
deemed acceptable.
The vast diﬀerences in intensity of the HP-C and Bahrain duty-cycle
compared to the IECC is further illustrated in the three bottom sub-
graphs in Fig. 5, showing the measured cell surface temperatures during
discharge for cell No. 4, and Table 7 listing the mean peak temperatures
(∅ peak °C) for the hottest and coldest part of the cells, and the peak
temperature diﬀerences across the cell surface for each cycle, as well as
Fig. 4. a EIS plots for cell 4 across deﬁned SOCs; b
– EIS plot for all cells at 50% SOC ; PMC – ECM
characterisation results for d – R0, e – R1, and f - τ1;
ECM for EIS plot parameterization.
Q. Kellner et al. Journal of Energy Storage 19 (2018) 170–184
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one standard deviation (σ) for each measure. The hotspot on every cell
is generally measured on the thermocouple placed at the edge of the
cell furthest away from the cooling plate (Pos. 4 – see Fig. 1b). The
position underneath the tab, which is furthest away from cooling (Pos.
1), experiences similar temperatures. This, however, is not the always
the case, when Pos. 1 displays marginally hotter temperatures than Pos.
4. This observation may be a feature of individual cells, as reported
within [34] or, alternatively, attributed to uneven pressure distribution
across the cell surface arising from an uneven surface of the polystyrene
and FOAMGLAS® slabs, the swelling of cells during cycling, or a shift in
position of the thermocouples. The cold-spot of the cell is always
measured on the edge of the cell, located closest to the cooling plate in
Pos. 6.
Stemming from the intensity of the HP-C and Bahrain duty-cycle
reach much higher peak temperatures compared to cycling with the
IECC. The hotspots for the IECC reach similar temperature levels to the
cold-spots for the HP-C yet are almost 7 °C below the cold spot of cells
undergoing the Bahrain cycle. Surface temperature gradients for the
IECC reached a mean of 8.34 °C across the cell samples, whereas the
surface gradients of the HP-C and Bahrain cycle were 200% and 300%
of that value respectively.
Increased cell temperatures in excess of 45 °C have long been iden-
tiﬁed as a key contributor to accelerated cell degradation, due to ac-
celerated growth of the passivating solid-electrolyte interface (SEI) layer
at the anode and increased rate of undesired side reactions as reported
within [35–37]. Furthermore, temperature gradients within cells through
the central plane have been reported to also contribute to accelerated
degradation [38,39]. Parts of the cell at elevated temperatures are ex-
pected to have a lower resistance, allowing more current to ﬂow through
it, in turn heating up more via a positive feedback process between un-
ique layers that are electrically connected in parallel, and localised parts
in the same layer. This in turn may lead to localised aging, and accelerate
the ageing process [40]. To conduct realistic cycle life studies the choice
of a testing proﬁle which results in representative cell self-heating is
therefore of paramount importance. As such, from a thermal perspective,
it may be argued that within the HP use case, international testing
standards such as IEC 62660-1/2 and ISO 12405-1/2 are inadequate for
evaluating cycle life and thermal design requirements and that the pre-
sented HP-C oﬀers a more realistic target proﬁle.
3.3. Duty-cycle study
Fig. 6 presents for both, the HP-C Group and IECC Group, the pro-
gression of cell capacity retention against the cells’ energy throughput
from HP-C and IECC cycling, respectively, throughout the duty-cycle
degradation study, as measured during each partial characterisation
test. The discharge capacity extracted from the 1C discharge tests is
shown in the top two graphs, the charge capacity, determined during C/
10 charging is shown in the bottom two graphs. The data points re-
present the mean of each group, with the error-bars measuring one
standard deviation. Both, the discharge and charge capacity increases
throughout testing for both test groups. The initial and ﬁnal charging
Fig. 5. Duty-cycle proﬁles, voltage response, and surface temperature development during cycling for cell No. 4 during a discharge from 95-10% SOC: HP duty cycle,
IECC, Bahrain (left to right).
Table 6
mean duration of the discharge for each duty cycle, mean energy throughput
and the associated standard deviation for each measure for the set of cells.
Cycle  time(s) σ time  Wh throughput σ Wh
HP-C 1406.1 0.4 230.18 0.73
IECC 3121.1 0.0 199.41 0.52
Bahrain 826.0 0.1 209.49 0.95
Table 7
mean peak temperatures of the hotspot, coldspot, and gradients for the set of
cells.
Cycle  peak °C
hotspot
σ  peak °C
coldspot
σ  peak surface °C
gradient
σ
HP-C 54.00 1.56 36.75 0.93 17.24 1.97
IECC 36.93 0.66 28.40 0.81 8.34 0.71
Bahrain 67.30 1.99 43.24 1.76 24.06 2.53
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and discharging capacities for both test groups, and the calculated
change (Δ) are tabulated in Table 8.
The highest measured capacity for the HP-C group is at 53.15 Ah
(189.4 Wh), in the penultimate characterisation, before reducing to
53.04 Ah (188.9 Wh) at the ﬁnal characterisation, whereas the IECC
group’s capacity is still steadily increasing. However, the capacity
measurements of the HP-C group are within the error of the previous
measurement and overlap with the error of the IECC group. From the
capacity measurements alone, no deﬁnitive start of capacity fade can be
asserted from the experimental data.
Increases in cell capacity at the early stages of cycling for cells of
similar chemistry and format have been reported within [41] and [42].
Jalkanen [41] et al. tested 3 Dow Kokam®1 40 Ah pouch at room
temperature, 45 °C and 65 °C for continuous 1C charge and discharge
cycling. All three cells initially have a higher discharge capacity than
the nominal capacity declared by the manufacturer, and capacity in-
creases to a maximum, before decreasing. Based on the presented re-
sults, the cell discharged at 45 and 65 °C reach their maximum capacity
within the ﬁrst 100 cycles, the cell cycled at room temperature reaches
a ﬁrst peak at around 200 cycles and a second at 500 cycles. The rate of
subsequent decrease in capacity is fastest for the cell cycled at 65 °C,
which gave a shorter cycle life than the other two cells.
De Hoog et al. [42] tested EIG® 20 Ah NMC pouch cells to formulate
a model which separates calendar and cycle ageing. They observed an
initial increase in cell capacity for calendar ageing and combined ca-
lendar and cycle ageing tests, an eﬀect which was more pronounced for
cells stored at low states of charge, and subject to lower DOD.
Both studies explained their observations with a process referred to
as electrochemical milling. During charge and discharge electrodes
expand and contract, resulting in internal stresses, which in the case of
non-uniform stress distribution within the electrode may result in
micro-cracks forming in the electrode material, exposing fresh sites and
pathways for lithium ion intercalation [43]. This in turn causes a
widening of the of the operating voltage window of the electrodes, the
extent of which can be determined using reference electrode tests.
Provided parasitic side reactions are minimal, and fractured particles
maintain good electronic contact, this may result in increased capacity
and reduced internal resistance. Cracking in electrode material can be
Fig. 6. Cell capacity throughout testing at characterisations.
Table 8
Charge and discharge capacity for the HP-C and IECC test groups.
Initial Ah Final Ah Δ % Initial Wh End Wh Δ %
IECC (discharge) 52.02 53.28 2.42 186.00 189.70 1.99
HP-C (discharge) 52.01 53.04 1.98 185.70 188.90 1.72
IECC (charge) 51.58 53 2.75 194.10 198.80 2.42
HP-C (charge) 51.36 52.62 2.45 193.10 197.30 2.18
1 Dow Kokam rebranded to XALT Energy
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caused by high currents and high DOD. Both duty cycles tested reach c-
rates exceeding 7.5C, making electrode cracking a possible pathway for
changes in the electrode particles and as such the capacity increase
observed in both test groups within this work may also be correlated to
the onset of electrochemical milling.
Another possible explanation for the capacity increase observed
within this study is a potential gradual decrease in external pressure
applied to the cells over time. As the cells are densely packed at the
beginning of cycling, continual cycle testing, and the associated ex-
pansion and contraction of cells may lead to deformations in the packed
polystyrene slabs that will in turn reduce the lateral force on the cells.
Barai et al. [44] reported a decrease of cell capacity coupled with an
increase in impedance for NMC pouch cells which had an external
pressure applied to them. They observed a 2% capacity decrease for an
external pressure of 0.8 bar. The authors assert that a pressure diﬀer-
ence of 0.8 bar resulting from deformed polystyrene slabs is unlikely.
Furthermore, a change of this magnitude would result in signiﬁcantly
worse, and observable cell cooling nearer the end of the duty-cycle
degradation study. However, no such observation could be made within
the recorded data. As such, the more plausible cause of capacity in-
crease is that of electrochemical milling. However, it is noteworthy that
based on the capacity test data alone, without further observations from
within the cells themselves, it is not possible to make a deﬁnitive
conclusion.
Graphs for diﬀerential capacity analysis for both test groups are
presented in Fig. 7. The curves show the derivatives of the charge vs.
voltage (dQ/dV) curves recorded for the 0.1C charge for the p-OCV test,
with the area under the curve equating to the energy capacity of the
cell. The upper subplots show the results for both test groups at the
initial and ﬁnal characterisation tests, respectively. The lower subplots
present a direct comparison between the initial and ﬁnal characterisa-
tions for the HP-C and IECC groups, respectively. An advantage of these
plots is that changes in the p-OCV and voltage vs. capacity plots can be
seen more easily. The underpinning theory behind the analysis of these
graphs is discussed in detail in [15,28,45,46].
Based on the Initial characterisations, three regions of interest were
investigated and displayed in magniﬁed areas within Fig. 7a–c. The
features of the curves displayed in the initial characterisation graph are
explained as follows. At 0% SOC, the graphite electrode is almost
completely delithiated. During charging, Li+ ions intercalate into the
graphite layers and the material transitions through several phases as
the lithium content within the material increases [47,48]. One of these
phase transitions is indicated in the peak around a full cell potential of
3.52 V in Fig. 7a, in which a wide spread of peak height can be observed
within the cells in terms of the height of the dQ/dV peak. Cells No. 2
and 3 display the most pronounced peak whilst Cell No.1’s peak is least
deﬁned.
At the beginning of charge, the NMC electrode material is almost
fully lithiated in a hexagonal O3 layered structure [49]. During charge,
as lithium is extracted, a phase change occurs from the hexagonal to a
monoclinic lattice [50], manifesting in the peak identiﬁed in Fig. 7b
around a cell potential of 3.66 V. Similarly, to the peak in Fig. 7a, a
wide spread of peak height can be observed for the test groups. Cells
No. 6, 4 and 1 have the three highest peaks, respectively, with the re-
maining cells showing similar behaviour. Between 3.75 V and 4.2 V
NMC then displays a steady potential with the material in the solid-
solution region. The third region of interest is located at the beginning
of charge in Fig. 7c. All 6 cells display a similar OCV between 3.46 V
and 3.48 V. However, the initial dQ/dV values vary signiﬁcantly.
Comparing the observations of the initial full characterisation to the
results displayed for the ﬁnal full characterisation, signiﬁcant diﬀer-
ences may be observed. Firstly, by comparing Fig. 7a with d, the in-
tensity of the peak in the latter appears to have increased whilst the
spread of intensity between cells has been greatly reduced. The increase
in area underneath this peak indicates that a larger amount of energy
capacity may be attributed to the phase change process associated with
the graphite electrode compared to initial measurements. The order of
peak intensity as seen for the initial characterisation test has also
changed, with the HP-C group having slightly lower peak intensity than
the IECC group. Furthermore, a shift in the peak position toward the
lower cell potential is observed, which is associated with a shift to a
lower impedance within the cell [45]. By examination of Fig. 7g the
peak for the HP-C group after 200 cycles shifted approximately 10mV
from 3.53 V to 3.52 V, whereas the shift for the IECC group (Fig. 7k) is
slightly larger at 20mV from 3.53 V to 3.51 V.
Secondly, by comparing Fig. 7b and e, a smaller spread in peak
height for ﬁnal characterisation tests can be seen, but no clear trend in
height gain or reduction for either the HP-C (Fig. 7h) or IECC (Fig. 7l)
group. Whilst cells No. 1, 4 and 6 show a decrease in peak height, cells
No. 2 and 5 show an increase, and no signiﬁcant change can be ob-
served for cell No 3. However, a horizontal shift of the peaks toward
higher cell potentials is observed, with the shift of the HP-C group being
slightly larger, which may indicate a higher internal resistance.
Thirdly, linking region f) to region c), a signiﬁcant change in the
starting OCV is observable with a mean shift of 85mV for the HP-C
group (Fig. 7j), and a mean shift of 63mV for the IECC group (Fig. 7m)
toward a lower potential, in conjunction with a lower spread in initial
dQdV values for both test groups. Inspection of Fig. 7f and j also reveal
an additional peak at a potential of 3.45 V. Based on the information
provided within [47,48], this new peak is most likely resulting from a
phase change in the earlier lithiation process of the graphite electrode.
This decrease of the OCV is directly related to the increase in energy
capacity. An increase in the OCV of a cell, as reported by Stiaszny et al.
[51], is caused by a reduction in cyclable lithium stemming from the
NMC electrode as lithium is irreversibly used in SEI layer formation and
growth. The reduced OCV observed in this study thus requires an in-
crease in cyclable lithium.
A possible source for these observations may be minor cracks in the
NMC material, providing fresh reaction sites, which previously were not
accessible due to diﬀusion or mass transfer limitations in the electrode
particles or porous electrode matrix, respectively. Without reference
electrode tests it is not possible to assign deﬁnitively the observed
changes in the OCV to changes in either the graphite, or NMC electrode,
but the current results provide further indication that cells experience
electrochemical milling. Further work required to reaﬃrm this con-
clusion is presented in Section 4.
Fig. 8(a–c) shows the change in ECM parameters, extracted from the
PMC tests of the two test groups during the duty-cycle degradation
study. Values for R0 show an increase from their initial values through
to their ﬁnal characterisation for both test groups with the HP-C group
having a slightly higher increase throughout the SOC range. Values for
R1, partially associated with charge transfer and diﬀusion phenomena,
decrease after cycling for SOCs of 50%, 80% and 95%, and show an
increase for an SOC of 20%. The increase in R1 at 20% SOC is linked to
the change in peak between 3.5 V and 3.56 V in Fig. 7d. Values for R1
and τ1 at 10% SOC have been excluded from the results as the cell lower
voltage limit of 2.7 V was reached during characterisation tets.
Fig. 8d and e show the Nyqiuist plots derived from the EIS tests for
Cell No. 1 from the HP-C group at the initial characterisation and after
200 cycles, respectively, for a number of SOCs. Fig. 8f and g, show the
same Nyquist plots for cell No. 4 from the IECC test group. For both
cells, a shift of the intersection of the inductive trail toward higher
values of ′Z is observed. The position of the local minimum in the
midfrequency semicircles, however, does not show any obvious signs of
movement from it’s original location. The mean values of the pure
Ohmic resistance ( −R EIS0 ), as extracted from the Nyquist plots, for the
HP-C and IECC groups, is presented in Fig. 8h, with the error bars re-
presenting one standard deviation from the mean. Values of −R EIS0 ,
which is attributed to the resistance of the bulk electrode material and
electrolyte, show an increase for both test groups throughout the SOC
range. This observation is in agreement with the increase for R0 from
the PMC test. It indicates changes in the cell bulk material, likely
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associated with degradation mechanisms, such as potential particle
cracking. The values of the charge-transfer resistance, ( −Rct EIS), asso-
ciated with the local minimum of the mid frequency semicircle in the
Nyquist plots, show a decrease after the completion of the study, as
shown in Fig. 8j. This downward shift is known [31] to be linked to
improved transfer kinetics at the electrode electrolyte interfaces in the
porous electrode. As discussed within [42,43,52], one reason for this
may be an increase in active surface area for Li-ion intercalation which
could have been caused by electrode cracking. This shift appears to be
of a larger magnitude for the HP-C test sample.
The reduction in charge transfer resistance in combination with the
increase in bulk resistance is a further indication that electrochemical
milling may be occurring during the test. As previously suggested, the
introduction of micro-cracks in the electrode material may allow fresh
sites, some of which may have previously been diﬀusion limited, to be
exposed to the electrolyte. This in turn would result in an increased
surface area of reaction sites, transfer kinetics, and allow for a greater
amount of lithium to be used for cycling reactions, thus providing a
plausible explanation for the decrease in −Rct EIS, and increase in cell
energy capacity. The increase in bulk resistance in this case is assumed
to stem from a degradation of the electrolyte and slightly worsened
electrical contact of the electrode material. As high-currents are a
known pathway for electrode particle cracking, the higher reduction of
−Rct EIS for the HP-C group as shown in Fig. 8j is plausible, as their cy-
cling proﬁle more frequently utilises high currents.
Fig. 7. Incremental Capacity Analysis - top left: Initial Characterisation; top right: ﬁnal characterisation; bottom left: HP-C cell progression; bottom right: IECC cell
progression.
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3.4. Further discussion on the results of the duty-cycle degradation study
Both test groups show a minor increase in the pure Ohmic re-
sistance, and small decrease in the charge transfer resistance, and an
increase in the overall cyclable capacity. At the end of the study (200
cycles) the cells from the HP-C group appear slightly worse oﬀ per-
taining to impedance rise and capacity retention in direct comparison
with the cells from the IECC test group. However, these diﬀerences
cannot completely be correlated to the aggressiveness of the HP-C cycle
proﬁle, as the overall energy throughput of the HP-C group’s cells is
higher, and the spread of experimental results within both test groups
overlap. These observed changes of cell characteristics are likely as-
cribed to micro-cracking in the electrode material, or electrochemical
milling. However, to eliminate any doubt about this assessment,
additional testing is required. Initially, a reference electrode test would
enable the analysis of the graphite and NMC electrodes separately.
Secondly, post-mortem testing, such as X-ray diﬀraction (XRD) and
scanning electron microscopy (SEM) can be used to conﬁrm if micro-
cracking is present in electrode materials in their current state. Similar
investigations have been reported within [37]. These tests, however,
are outside the scope of this initial study.
It is currently not known whether the observations made within this
work are solely conditional on the use of high electrical currents, or if
the cells are designed to operate in this fashion. Were testing to be
continued, it would be expected that, once the cell side reactions
overtake the milling eﬀect, the micro-cracking in the cells would cause
accelerated degradation over time compared to cells that would not
expect this cracking. A possible way to test for this eventuality would be
Fig. 8. a–c: progression of ECM parameters as derived from PMC tests for a – R0; b – R1; c – τ1; d – Nyquist plots for cell 1 at beginning of testing; e – Nyquist plot for
cell 1 after 200 cycles; f – Nyquist plots for cell 4 at beginning of testing; g – Nyquist plot for cell 4 after 200 cycles; h – mean Ohmic resistance of test groups derived
from Nyquist plots, j – mean charge-transfer resistance of test groups derived from Nyquist plots.
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to cycle a further test group with the same mean current as the HP-C or
IECC, but lower peak currents and observe whether an initial energy
capacity increase, and charge transfer resistance decrease can be ob-
served, and at which rate this occurs. The authors aim to continue the
experimental work and report further results in future articles.
With regards to temperature related behaviour, as previously
identiﬁed, cells subject to elevated temperatures, and high temperature
diﬀerences across the cell surface, are known to experience accelerated
degradation mechanisms and ageing. Elevated temperatures enable
increased parasitic side reactions between the electrolyte and the
carbon electrode, leading to increased SEI growth and a reduction in
energy capacity. The rate of this degradation is known to follow
Arrhenius law [37]. However, at the end of the duty-cycle degradation
study within this work, neither the HP-C, nor the IECC group show
signiﬁcant signs of temperature related ageing. Even for the HP-C
group, which is exposed to signiﬁcantly higher temperatures during
cycling than the IECC group, no temperature related ageing has yet
been observed. Although average cell temperature in the HP-C cells
regularly exceeds 40 ⁰C during cycling, the total duration of these in-
stances is relatively small due to active cooling of the cells during cy-
cling and rest periods, possibly explaining the absence of temperature
related degradation indicators. Although no observations of this nature
could be made, it is highly likely that, with continued testing, the cells
within the HP-C group would show signs of temperature related de-
gradation before the cells in the IECC group.
4. Limitations of the study and further work
The duty-cycle degradation study presented within this work is
limited to 200 cycles and cells show only little degradation in their
electrical characteristics. The expected degradation sequence has not
been observed yet and further testing is required to conﬁrm whether
the cells within this study follow a typical degradation proﬁle. As such,
the authors recommend continued testing of the cells until their end of
useful life (80% retained capacity, 100% impedance increase) can be
veriﬁed. To conﬁrm the occurrence of micro-cracks in the electrode
material, further testing of the cells in their current state is also re-
commended. Firstly, reference electrode tests can be performed to
identify whether the change in cell characteristics are underpinned by
changes in the anode or cathode, secondly XRD and SEM tests to check
for visible structural changes within the electrode.
The observations and assessments made regarding the cycling study
within this work are only valid for the type of cell used, and for the
thermal constraints of the tests. The experimental rig set-up was pri-
marily designed to maintain the safe operating temperature of the cells,
and to maximise their operating window to further facilitate cell
characterisation. As such, its intended use is constrained to experiments
within a laboratory environment and in its current form it is not pro-
posed as a vehicle solution for cell thermal management. For these
research ﬁndings to be applicable to vehicles, a battery thermal man-
agement system would be required to extract the same amount of heat
from the cells as the experimental rig within this study.
It is noteworthy that the cells are designed for long cycle life and
high-power applications as they have a lower energy density and in-
ternal resistance than standard automotive cells. Furthermore, the
manufacturer of the cells used within this study is a supplier to FIA
Formula-E. The eﬀect of HP cycling on batteries with diﬀerent che-
mistries and form factors cannot be known without further testing, al-
though testing on standard automotive cells (i.e. higher energy density
and internal impedance) would be more likely to show degradation at
earlier stages and would reveal the impact of HP scenarios when
compared to standard road vehicles. The authors also recommend that
the testing procedure within this work is repeated without active
cooling eﬀorts to identify the eﬀect of thermal management on the
results of the duty-cycle degradation study.
The tests within this work only consider the eﬀects of electrical
loading and ignore the harsh vibration environment encountered on
race tracks. It is known that vehicle vibrations contribute to the de-
gradation of cells [53,54] and as such a combined testing study with
vibration and cycling demands further exploration. Lastly, the eﬀect of
AC current ripples, as discussed within [55] in the system during cell
operation, as may occur during operation in an EV, is not considered
due to the ﬁdelity of the testing equipment.
5. Conclusions
In this work a 53 Ah Graphite-NMC pouch cell was characterised
with respect to cell characteristics and cycle life, and a HP duty cycle
was validated based on experimental data. By direct comparison of the
HP-C with the Bahrain duty cycle and the IECC, it has become evident
that the new proposed HP-C is more representative of HP driving sce-
narios than existing procedures. The disparity between the heat gen-
eration within cells during the IECC and the HP-C shows that the use of
a representative duty cycle is vital when benchmarking cells for design
activities pertaining battery thermal management. The considerable
diﬀerences in thermal behaviour of the two test cases also underpins the
requirement that cycle-life studies employ the HP-C over the IECC to
characterise cells for their usable cycle-life in automotive HP scenarios.
During the cycle life study, counterintuitively the cells in both test
groups have shown an increase in cyclable energy capacity, a reduction
in charge-transfer resistance, and an increase in pure Ohmic resistance.
The cells within the HP-C test sample have shown more changes in cell
characteristics than those in the IECC group, if only marginal. As such,
the cells used within this study can deliver a total of 200 track driving
sessions without showing signs of capacity decrease or signiﬁcant
overall impedance rise, provided active cell cooling is present.
Although no deﬁnitive conclusion can be drawn without further re-
ference electrode testing and destructive SEM and XRD tests, the ob-
servations in this work suggest that the changes in cell characteristics
are most likely caused by cracking of the electrode material. From a
review of the academic literature, the high electrical currents employed
within the tests have been identiﬁed as a likely source. This in turn
indicates future accelerated degradation such as a reduction in energy
capacity and impedance rise due to extensive cracking and the asso-
ciated worsened electrical contact with continued use compared to cells
which do not show signs of cracking. The higher frequency of occur-
rence of high electrical current pulses in the HP-C group compared to
the IECC group furthermore suggests that with continued cycling, cells
within the HP-C test group will degrade at a faster rate as electrical
testing continues.
Temperature dependent degradation eﬀects have not yet been ob-
served within either test group. The higher cell temperatures, and
surface temperature diﬀerences observed in the HP-C test group suggest
that, with continued use, accelerated capacity loss and impedance rise
due to faster SEI growth may also be observed compared to the IECC
cells.
The ﬁndings within this study provide an insight into the evolution
of cell characteristics during use within a HP use case, and highlights
the limitations in the understanding of cell degradation in this area.
Furthermore, it delivers important information pertaining the thermal
management requirements of cells within the automotive HP segment.
This research will support further activities regarding the operation and
degradation of cells used within HP-EVs.
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